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GREEN, B. C. Menthol modulates oral sensations of warmth end eold. PHYSIOL BEHAV 35(3) 427-04, 1985.-Aqueous 
solution! otmenthol were found to effect cm) therms] sensation in the following ways: (I) When menthol solutions were 
sipped and held in the mouth for 5 sec, solutions above oral temperature felt significantly warmer than deionized water of 
the same temperature (warmth enhancement). Menthol solutions below oral temperature felt cooler than water of the same 
temperature, but only slightly so (cold enhancement); (2) Pretreating the mouth with 0.02% menthol for 5 min strengthened 
cold enhancement but attenuated sensations of warmth (warmth attenuation); (3) Pretreating for >0 min produced contin¬ 
ued cold enhancement while judgments of warmth returned to normal levels; (4) L-menthol cooled more effectively than 
d-tnenlhol, but d-mentho! attenuated warmth at least as much as 1-menthol. Possible explanations for the mtermodal 
differences are discussed, and suggestions are made for future research into menthol's unexpectedly complex perceptual 
effects. 

Menthol Perceived temperature Drug-receptor effect Oral sensation 


MENTHOL is a common food and drug additive best known 
for its apparent ability to produce sensations of coolness in 
the absence of significant caloric cooling. Despite the wide¬ 
spread use of menthol in such ordinary items as toothpaste, 
..mouthwash, cough drops and cigarettes, its perceptual ef¬ 
fects remain virtually unexplored. A recent study by Wat¬ 
son, Hems, Rowpetl apd Spring [II] appears to be the only 
published effort to describe the cooling characteristics of 
menthol and its chemically related artificial coolants. Even 
so, those authors placed primary emphasis on the molecular 
properties of the cooling agents and presented relatively little 
Quantitative information about the perceptual effects them¬ 
selves. Physiological studies of menthol's sensory efTecls arc 
also scarce. Hensel and Zotterman [4] demonstrated that low 
concentrations of menthol («0.04%) caused cold fibers in¬ 
nervating the tongue of cats to (1) respond to higher than 
normal temperatures, and (2) respond more vigorously in the 
temperature range to which they were normally sensitive. 
Without postulating a specific neurochemical mechanism, 
Hensel and Zotterman concluded that menthol caused ‘\ .. a 
chemical sensitization of the thermoreceptors to thermal 
stimuli*’ (p. 30). Two years later, Dodt, Skouby and Zotter- 
man 12} published the more surprising finding that menthol 
applied to the cat’s tongue also raised the impulse frequency 
of warm fibers recorded from the lingual nerve. The latter 
study was unusual, however, in that the neural response to 
warming was investigated between 15* and 30°C, tempera¬ 
tures which when presented statically to humans produce 
sensations of cold rather than warmth. Because most 
neurons classified as warm fibers cease responding to static 
temperatures below about 30°C [5,6,9,10], and because the 
dynamic response of warm fibers to temperature change has 
not been thoroughly explored below that temperaiure (e.g.. 
[5,10]), it is difficult to assess the significance of the data of 


Dodt et al. Those authors nevertheless predicted “. . . a 
warm fluid should be felt warmer after the application of 
menthol than before" <pp. 113-114), and remarked that the 
veracity of this prediction was easily demonstrated. No per- 
—ceptuaj data were reported, however, and menthol apparently 
; received no further attention as a potential "artificial 
warmer." ' 

The study reported here therefore examined the extent to 
which menthol affected oral perceptions of both wanning 
and cooling. The first experiment demonstrated that when 
subjects sipped solutions of menthol and water, sensations of 
warmth were enhanced more than sensations of cotd. The 
second experiment revealed that pretreating the oral cavity 
with menthol prior to thermal stimulation strengthened the 
cooling effect but simultaneously attenuated warmth sensa¬ 
tions, reversing the warmth enhancement discovered in Ex¬ 
periment 1. Two other experiments explored In turn the cf- i 
feet of longer pre-exposures to menthol and the relative effi¬ 
cacy of the I- and d-m’enthol isomers. 

EXPERIMENT 1 

The object of this experiment was to measure the inten¬ 
sity of thermal sensations produced in the mouth either by 
water containing small amounts of menthol or by water 
alone. Based upon the existing sensorineural data, it was 
expected that a cooling effect would appear over the range of 
temperatures below oral temperature. What would happen at 
warmer temperatures was less certain. 

METHOD 

Subjects 

A total of 31 young adults (18 females and 13 males having 
an average age of 23.6 years) were paid to participate. Five 
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subjects served in both the warm and the cold conditions; the 
remaining 26 were divided equally between conditions. 


Apparatus and Procedure 

The stimuli were 20-ml aliquots of either deionized water 
or mixtures of deionized water and 1-menthol (Haarman and 
Reimer Corp., 99.9% purity. USP). The aliquots were con¬ 
tained in capped glass tubes which stood partially submerged 
in five constant-temperature (water baths (PolyScience, 
Model 450) accurate to within k0.1*C of the regulated tem¬ 
perature. The temperatures selected for testing were 10°, 
16.5*. 20°, 24* and 28°C for cold, and 38°, 40°, 42°, 44* and 
46*C for warm, which had been found in earlier experiments 
to sample adequately the ranges of innocuous warm and cool 
sensations. Bath temperature was monitored by a digital 
thermocouple thermometer (Bailey BAT-12), and the tem¬ 
perature of the stimulus samples differed by no more than 
±0.2*C from the temperature of the bath. 

Menthol solutions were produced by dissolving menthol 
crystals in water to the maximum water-soluble concentra¬ 
tion of 0.04% and then diluting to the lest concentrations of 
0.02%, 0.01% and 0.005%. The lowest test concentration 
(0.005%) was chosen because it produced a just-noticeable 
menthol sensation in the mouth and was reported by Hensel 
and Zotterman (4) to have a weak but reliable effect on cold 
receptors. The highest concentration (0.02%) was chosen 
because it was within the range of concentrations observed 
to produce a strong thermoreceptor response while still hav¬ 
ing an acceptable taste. Menthol induces an increasingly bit¬ 
ter taste at higher concentrations (0.04% was considered dis¬ 
tasteful), which places a limit on the range of aqueous 
menthol solutions suitable Tor oral testing in humans. 

The method of magnitude estimation was used to obtain 
judgments of the intensity of oral sensations of warmth and 
cold produced by either water or aqueous solutions of 
menthol. Subjects-were insmipted to attend to the overall 
sensation of temperature in the oral davity during each 5-sec 
exposure, and to assign a number indicative of the intensity 
of the sensation at its peak. No modulus was provided. Prior 
to data collection subjects received practice in assigning 
numbers to perceived magnitudes by giving numeric re¬ 
sponses to a variety of distances (spans) the experimenter 
produced between her hands. Emphasis was placed during 
this practice on describing the relative magnitudes of the 
distances while avoiding units such as inches or feet. Sub¬ 
jects were similarly told to refrain from estimating the tem¬ 
perature of the water samples in degrees and to attend in¬ 
stead to the strength of the thermal sensations in the mouth. 

A trial began when the experimenter selected a solution 
from one of the water baths, dried the tube in which it was 
contained, and handed the tube to Ihc subject. The subject 
wore an ordinary oven mitten on his or her preferred hand to 
eliminate extra-oral cues to solution temperature. On the ex¬ 
perimenter's command the subject poured the solution into 
the open mouth as rapidly as possible and with minimal (or 
no) contact with the lips. The command to "spit” was given 
after 5 sec (timed with nn electronic metronome), at which 
time the subject expectorated the solution into an adjacent 
sink and assigned a number to the preceding oral sensation. 
Between trials the subject swished vigorously with 37°C de¬ 
ionized water at least twice, or as many times as necessary to 
rinse the mouth of menthol. (In practice, after severat trials it 
became impossible to eliminate all traces of the menthol 
taste from the mouth. It was. however, reducible to what 
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seemed subjectively to be insignificant levels.) Approx¬ 
imately 30 sec elapsed between trials to allow for rinsing and 
to enable the mouth to regain its normal temperature (which 
was speeded by the 37°C rinse water). 

It should be emphasized that the solutions were held pas¬ 
sively in the mouth (i.e., subjects were told not to swish) to 
reduce involvement of the teeth. The teeth were found in a 
prior experiment (unpublished data) to contribute more 
strongly to sensations of cold when liquids were swished 
rather than passively held. It was considered undesirable to 
enhance the dental component of the thermal sensation be¬ 
cause it would be significant only for cool temperatures, and 
was expected to be less affected by transient application of 
menthol than the sensation from the soft tissues of the 
mouth. 

Only cool or only warm stimuli were presented in a single 
session, which typically lasted about 1 hr. Subjects received 
40 stimuli in a testing session; three menthol concentrations 
plus water alone were presented twice each at 5 different 
temperatures. Stimulus presentation was pseudo-random 
with the restriction that no temperature was administered 
twice on consecutive trials. 


RESULTS AND DISCUSSION 

Geometric means (n-36 per point) of the perceived ther¬ 
mal intensities produced by the water and menthol solutions 
are plotted on linear coordinates in Figs. 1 and 2 for cold and 
warmth, respectively. (Despite the curvilinear nature of the 
psychophysical functions in Fig. 2 (and to a lesser extent in 
Fig. I), linear coordinates were chosen to display the data 
throughout this study. Although virtually all functions were 
fit as well (r's<0.98) by power functions as by linear 
functions, linear coordinates more clearly depict the tend¬ 
ency of the menthol effects to remain constant (i.e., for the « 
psychophysical functions to remain parallel) over the range. . 
of temperature studied.) Both figures contain unexpected 
results. Most notable is the absence of a strong cooling effect 
in Fig. I, where the presence of menthol made only a small 
difference in the thermal sensation produced in the mouth. In 
contrast, a large wanning effect is visible in Fig. 2, where 
menthol in concentrations of 0.01% and 0.02% produced in¬ 
creasingly stronger sensations of warmth than did water 
alone. 

Although small, the effect of menthol on the perception of 
cool water was significant as measured by a eon-parametric 
(Friedman) ANOVA (subject x condition, x*(3)= 12.46, 
pcO.OI). The primary source of the significance was the 
0.02% solution compared to water qlone, in which 14 of the 
18 subjects gave higher mean intensity judgments to the 
menthol solutions. For warmth, the effect of menthol was 
clearly significant (x*(3)-19.12, p <0.001) and the 0.02% 
solution yielded estimates of perceived intensity that aver¬ 
aged 34.6% higher than for water alone- Describing the data 
in terms of the average increase in perceived warmth is 
somewhat misleading, however, in that over the range of 
warm temperatures menthol seemed to produce a constant 
absolute increase rather than a constant proportional in¬ 
crease in perceived warmth. That is, the two psychophysical 
functions for 0.02% menthol and for water alone arc nearly 
parallel on linear coordinates (slopes ofO.96 and 0.94), which 
indicates a diminishing relative effect of menthol as tempera¬ 
ture increases. For example, at 38°C, 0.02% menthol caused 
perceived warmth to rise 66.7%, whereas at 46*C the same 
concentration caused a rise of only 19.3% It should be 
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FIG. I. Perceived cold as a function of the temperature of 20-ml 
aliquots of either deionized water or aqueous solutions of l-menlbol. 
The stimuli were held in the mouth for 5 sec, then expectorated. 


pointed out, however, that the three menthol-plus-water 
functions seem to converge at the highest temperature, 
which raises tjie possibility the data point of 46*C for water 
alone is artificially low. 

The smaller cooling effect shows the same tendency as 
the warming effect to remain either constant or to diminish at 
higher perceived intensities (the slope of the 0.02% menthol 
function is 1.13. and for water alone, 1.22). However, the 
absence of a reliable effect at all but the highest concentra¬ 
tion makes the cold data more difficult to analyze; the pre¬ 
cise nature or the cold enhancement is overshadowed by its 
surprising weakness. 

The present experiment raised more questions than it an¬ 
swered. Among them was why a larger cooling effect was not 
observed, and why menthol is never described as an artificial 
wanning agent. The latter question seems answerable in pan 
because menthol occurs naturally in a matrix (peppermint) 
that is rarely heated before consumption. As a result, the 
preponderance of experience with menthol comes when the 
oral tissues are cooled (c.g., by foods and beverages at room 
temperatures or below) rather than wanned. The source of 
warmth enhancement may well be the sensitization of warm 
fibers observed by Dodl et oL (2]. 

The reason for the weakness of (he cooling effect may lie 
in the temporal course of perceptual cooling. A heightened 
sensation of cooling appears, for example, with each subse¬ 
quent inhalation of cool ambient air. Although some of this 
cooling may derive from evaporative heat loss (menthol is 
more volatile than saliva), its persistence together with the 
aforementioned physiological evidence argues that the origin 



FIG. 2. The same as Fig. I, but for perceived warmth. 


of the enhancement is primarily neural. It is possible, thei 
fore, that the feebleness of the cooling effect in the prese 
experiment was owing to the brevity of the menthol exp 
sure* and to the use of water rinses between trials. Hen: 
and Zotterman (4) noted the sensitization of cold fibers ■ 
quired a few seconds to develop, and persisted (in the co 
tinuing presence of menthol) for many minutes. The secoi 
experiment tested the possibility that the 5-sec exposu 
was too brief to allow menthol to affect cold receptors- 


\ EXPERIMENT 2 

If menthol cooling requites several seconds to deveh 
fully, preheating the mouth with menthol should yie 
significantly larger increments in perceived cold than tho 
observed in Experiment I. The next paradigm therefore r 
quired subjects to repeatedly sip menthol solutions befo 
receiving the thermal stimuli. Along with the cooling effec 
the newly-quantified warming effect.was also tested to see 
it, too, would increase in magnitude with longer exposures ■■ 
menthol. 


METHOD 

Subjects 

Twenty-seven subjects (15 females and 12 males havir 
an average age of 23.9 years) were paid to participate: thr< 


511G8 9420 


PM3006574691 


Source: https://www.industrydocuments.ucsf.edu/docs/rldjOO01 


«o ' -GREEN 



0 12 10 20 24 20 36 40 42 44 46 

STIMULUS TEMPERATURE IN *C 8TIMULUS TEMPERATURE IN »C 


FIG. 3, Perceived cold M ■ function of the temperature of 20=ml FIG. 4. The umt >i Fit- 3, but for perceived warmth. Notice that 
aliquots of deionized water before and after obd prelreatment with pretreatment attenuates the perceived warmth of water, the opposite 
0.02% menthol. Pretreatment lasted 5 mirt. of what occurs for cold. 


served in both the warm and the cold conditions of the exper¬ 
iment, and the remaining 24 were divided evenly between the 
two conditions. 


Apparatus and Procedure 

f 

The temperatures of thi mervhol and water solutions and 
the method of temperature control were the same as in Ex¬ 
periment I. The stimuli were again 20-ml aliquots contained 
in glass tubes, but only one menthol concentration (0.02%) 
was tested in addition to water akme. The 0.02% solution 
was selected because In Experiment 1 it produced a clear 
effect on perceived warmth and a mild effect on perceived 
cold. Use of a single concentration was dictated by the lim¬ 
ited length of the experimental sessions and the unknown 
effect of pretreating the ora) cavity with two or more menthol 
concentrations within a short period of time. 

The method of magnitude estimation was again used to 
assess the thermal sensations produced by the aqueous 
stimuli. Each experimental session had three pans: (1) To 
establish a baseline measure of thermal intensity, subjects 
first rated the sensations produced by warm (or cold) water 
alone (2 samples at each of the 5 test temperatures). (2) They 
then swished a series of 5, 20-ml aliquots of 0.02% menthol 
solutions (37*C) for 20 sec at the rate of once every 60 sec for 
5 min. No water rinses were allowed during the 40-sec inter¬ 
val between menthol exposures. (3) Following the period of 
pretreatment, subjects received the 20-ml water samples a 
second lime (the test condition) and again rated the ensuing 
thermal sensations. After each water sample the subjects 
swished wiih 0.02% menthol (37*0 for the dual purposes of 
maintaining a constant presence of menthol in the mouth and 
helping to return oral temperature to normal levels before the 
next trial. This method produced a 5-min pre-exposure to 


menthol followed by approximately IS min of testing with 
continuing menthol exposure. 

Because it was unknown how long it would take to flush 
the mouth of menthol and allow the expected neural effects 
to diminish to zero following the approximate 20-min expo¬ 
sure to menthol, it was necessary to obtain the baseline 
(water only) thermal estimates before treating the mouth 
with menthol. This paradigm, while averting possible con¬ 
founds due to the lingering effects or menthol, invited the 
occurrence of time-order effects that could have systemati¬ 
cally biased the magnitude estimates obtained in either the 
test or baseline conditions. To reduce the likelihood of bias, 
a non-oral reference stimulus was presented immediately 
after the last ora) stimulus in the baseline condition and just 
prior to the first oral stimulus in the post-treatment condi¬ 
tion. The referent, an aluminum rod (0.64 cm* diam) kept at 
42*C for the warm condition or 20*C for the cold condition, 
was presented manually to the hairy skin of the chin for 3 
sec. This procedure provided h thermal sensation whose in¬ 
tensity could be judged before menthol treatment and re¬ 
peated after treatment to help subjects maintain a stable nu¬ 
merical scale in both halves of the experiment. Subjects were 
therefore instructed to judge the first aqueous stimulus of the 
second half of the experiment relative to the number they 
originally assigned to the perceived intensity of the refer¬ 
ence stimulus. 


RESULTS AND DISCUSSION 

Figures 3 and 4 contain the geometric means of the mag¬ 
nitude estimates of oral thermal intensity for cold and 
warmth. The results differ markedly from those obtained in 
Experiment 1 when menthol and the thermal stimulus con¬ 
tacted the oral tissue simultaneously. Pretreating the mouth 
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with menthol for 5 min not only strengthened the cooling 
cITect (Wilcoxin Signed-Ranks Tost. n=15, /*=0. p<0.01), it 
also reversed the effect of menthol on perceived warmth 
from enhancement to attenuation p<0.01). To¬ 

gether with the enhancement of cold sensations, the attenu¬ 
ation of sensations of warmth means that exposing the mouth 
to menthol prior to thermal stimulation causes an overall 
shift in oral thermal sensations such that all (Bqueous) stim¬ 
uli. regardless of temperature, feel cooler than they do in the 
absence of menthol. 

Cold enhancementioccurs throughout the range of cold 
temperatures, adding « nearly constant increment in per¬ 
ceived cold at each of the five test temperatures. As a result, 
the best-fit linear functions for the two conditions are nearly 
parallel, having slopes of 0.75 (before menthol) and 0.82 (af¬ 
ter menthol). The appearance of the effect as a constant 
increment rather than a constant proportion of the psycho¬ 
logical response agrees with the results obtained for warmth 
in Experiment I, and means that menthol accounts for a 
declining percentage of perceived magnitude as temperature 
decreases. Menthol more than doubled the mild coolness 
generated by 28°C water (+133%), but increased the cold of 
tO*C water by less than one-third (-+27.496). 

The unexpected attenuation of warmth caused by pre- 
treating the oral cavity with 0.02% menthol differs from the 
enhancement effects in that its intensity seems to vary di¬ 
rectly with both temperature and perceived magnitude, 
amounting to a roughly constant percent decrement in 
warmth above 38”C (approximately “20%). Although the 
complex form of the psychophysical functions prevents a 
simple description of the data, the curves are perhaps best 
characterized as two-limb functions composed of two linear 
segments of different slope. A tendency toward the two-limb 
shape is also visible in Fig. 2 of Experiment I, particularly in 
the 0.01% menthol function. The functions in both experi¬ 
ments are similar to those reported by Green (3] for perceived 
warmth on localized areas of the vermilion ana mucosal lip. 
Green found the two limbs were more pronounced on 
mucosa] skin, which may mfcan the present data reflect the 
contribution of warm receptors in the labial and buccal mu¬ 
cosa. How distinct the two limbs are may depend upon the 
conditions of the experiment and the individuals tested, as 
will be seen in the remaining two experiments. It appears 
certain, however, that warmth functions for liquid stimuli in 
the mouth are positively accelerated on linear coordinates. 

A physiological basis for warmth attenuation has never 
been demonstrated, i.e., desensitization of warm fibers by 
menthol has not been reported. However, in higher concen¬ 
trations than those tested here, desensitization of cold recep¬ 
tors has been reported (4]. This raises two questions about 
the present findings. First, arc human lingual thermorecep¬ 
tors more sensitive to menthol than cat lingual thermorecep¬ 
tors. causing sensitization and desensitization to occur at 
lower concentrations in the former than in the latter? This 
may explain why human perceptions of oral warmth were 
adversely affected by concentrations that failed to desen¬ 
sitize cat warm receptors [2j. Second, given that in humans 
the cooling effect develops more slowly than the wanning 
effect, might longer exposures to menthol bring an attenua¬ 
tion of cool sensations similar to the attenuation of warm 
sensations found following exposure for only 3 min? 

The duration of menthol pretreatment was doubled in the 
next experiment to see if the enhancing effect of menthol on 
cold would decline from the level produced by the 5-min 
pretreatment. Perception of warmth was also measured to 
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discover if continuing exposure to menthol* would further 
attenuate sensations of warmth. 

EXPERIMENT 3 

This experiment differed from Experiment 2 in two ways: 
(]) Exposure to 0.02% menthol continued for 10min (10,20- 
tec menthol exposures, 40 sec apart) rather than 3 min; (2) 
instead of judging thermal intensity twice per stimulus. 10 
subjects judged each stimulus three times to produce 30 ob¬ 
servations per data point, the same number obtained in Ex¬ 
periment 2. The total number of subjects was 14 (l I females 
and 3 males having an average age of 23.9 years), with 6 
participating in both the warm and cool conditions. 

RESULTS AND DISCUSSION 

Figures 3 and 6 contain the geometric means of the mag¬ 
nitude estimates of perceived cold and warmth. Once again 
the results were unexpected: the cooling effect remained 
strong following the longer menthol pretreatment, suggesting 
that higher concentrations or still longer exposures are re¬ 
quired to reduce or eliminate menthol cooling- On the other 
hand, the IQ-min pretreatment did not produce the attenuat¬ 
ing effect of menthol on perceived warmth observed previ¬ 
ously following a 5-min pre-exposure; exposing the oral cav¬ 
ity to 0.02% menthol for 10 min produced no net change in 
perceived warmth (Wilcoxin Signed-Ranks Test. it** IQ. 
f-16, n.s.}. 

The longer menthol exposure left the magnitude and form 
of the cooling effect virtually unchanged. The average per¬ 
cent increase in perceived cold amounted to 64.2% after the 
5-min pre-exposure compared to 67.5% after the 10-min 
pre-exposure, and the trend continued toward a propor¬ 
tionally smaller cooling effect at lower temperatures (the 
slopes of the linear functions were 0.71 before treatment and 
0.86 after, with r*t>0.99). Because pre-exposure plus testing 
lasted about 25 min, it appears the cooling action of menthol 
may last fora half-hour or more. As mentioned earlier, how¬ 
ever, the cooling effect may decline sooner if higher menthol 
concentrations eventually desensitize cold receptors (4], 

Abolition of the attenuating effect on warmth is particu¬ 
larly surprising because no physiological evidence exists 
which suggests the continued presence of menthol should 
eventually result in no neural effect at all. Because this result 
was unexpected, five more subjects were added in the warm 
pretreatment condition to bring the number to 15 (the same 
as tested in Experiment 2). increasing the total number of 
observations per data point to 43. The new subjects con¬ 
firmed the results of the original 10: the geometric mean of 
perceived warmth judgements (across temperatures) for all 
15 subjects was 6.75 before menthol exposure and 6.86 after 
menthol exposure, a difference of less than 2%. Clearly, ad¬ 
ditional research is needed to analyze more closely the vacil¬ 
lating nature of menthol’s effects on sensations of warmth. 

EXPERIMENT 4 

Because menthol is an optically active molecule, it was 
possible that the cooling and heating phenomena studied in 
preceding experiments were specific to the l-mentbo! isomer, 
and would not appear after exposure to the d-menthol 
isomer. Most menthol used commercially is l-mcntho) or a 
mixture ofd and t, which makes it unlikely that differences in 
the sensory effectiveness of the optical isomers would be 
noticed outside a controlled experiment. Optical isomers are 
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_ known to be capable of producing different sensory conse- 

( quences (e.g., l-carvone evokes the odor of spearmint; 

d-carvon the odor of caraway) which may eventually prove 
valuable for understanding the transduction mechanisms of 
the affected receptors. 

. The present experiment therefore compared the effects of 

ore) pretreatment with I- and d-menthol. -The duration Of 
pretreatment was set at 5 rriin to,compare )- and d-isomers 
under conditions in which 1-menthol had been observed to 
enhance cool sensations and to inhibit warm ones. It was 
also considered useful to replicate Experiment 2 to check the 
validity of the inhibitory effect of 1-menthol, particularly in 
view of the results of Experiment 3 in which warmth attenu¬ 
ation disappeared following 10-min of pretreatmcnl. 

The methods used were the same as those of Experiment 
2 with the following differences: (I) Thirty subjects were 
divided into two groups of 15; one group received only warm 
stimuli, the other group only cold stimuli. (2) Each subject 
participated in two sessions, one for l-menthol and one for 
d-menthol (Haarman and Reimcr Corp., 99.9% purity, USP) 
with the order of presentation counterbalanced across sub¬ 
jects. (3) Subjects judged each stimulus three times to pro¬ 
vide a total of 45 magnitude estimates per stimulus. 

RESULTS AND DISCUSSION 

The geometric means of the magnilude estimates of cold 
and warmth are displayed in Figs. 7 and 8. Although both 
forms of menthol affected judgments of warmth and cold, 
l-mcnthol enhanced cotd more strongly than d-menthol. To 
compare the cooling effects directly, the data from the 
d-mcniho! condition were standardized to the data from the 
l-menthol condition in the following way; the geometric 
means of the estimates of the coolness of water before treat¬ 
ment with 1-memhol were divided by the companion meair 
estimates for water before treatment with d-menthol. The data 


from the d-menthol condition were then multiplied by the re¬ 
sulting number to make the mean pretreatment judgments the 
same for both conditions. (The standardization factors forcold 
differed from unity by only 5%, indicating that subjects gave 
very similar mean judgments of the coolness of water prior to 
treatment with the two kinds of menthol, despite receiving 
the stimuli one or more days apart. Standardization of the 
data for warmth was obviated by a difference in mean mag¬ 
nitude estimates of less than 2%, which was considered in¬ 
significant.) 

Comparing the normalized values from the preircatment 
and post-treatment conditions for 1- and d-menthol demon¬ 
strates that sensations of cold were an avenge of 37.9% 
more intense following l-menthol than following d-menthol. 

This difference was significant as measured by the Mann- 
Whitney U Test (one-way, m—15, itj-15, U-52, p<0.01). 

Despite the differences in the magnitudes of cooling the 
two isomers caused, the overall perceptual impressions they 
produced were similar; cooling together with mild tingling or 
irritation, and a bitter taste. \ 

The results for warmth differ from the results for cold in 
that d-menthol attenuated sensations of warmth at least as 
effectively as l-menthol. Figure 8 demonstrates the attentua- 
lion of warmth obtained in Experiment 2 is a characteristic of 
both isomers. Figure 8A also selms to conflrm the tendency 
shown in Fig. 4 toward a larger absolute (or constant pro¬ 
portional) attenuation effect of l-menthol as temperature in¬ 
creases. In Experiment 2, attenuation became apparent at 
40*C; in Fig. 8A notable attenuation occurred only above 
40°C. In contrast, d-menthol appears effective as an at¬ 
tenuator of warmth over the entire range of warm tempera- 
tures, although as is true of cold enhancement for both the 1 ^ 

and d isomers, warmth enhancement produced by the d m 

isomer seems to constitute a decreasing proportional decre- 
ment in perceived warmth as temperature rises. 
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FIG. 7. Perceived cold] as a function of the temperature or 20-ml 
aliquots of water, before and after 5-min treatments with 0.0(2% 
menthol. (A) The results for l-menthol, a replication of the data of 
Fig. 3; <B) The results for d-menthol. 


GENERAL DISCUSSION 

This study has revealed that the action of menthol on 
human thermal perception extends beyond its reputation as 
an artificial cooling agent. Menthol affects both thermal mo¬ 
dalities, and the nature and strength of the effects depend 
heavily upon the temporal course of menthol exposure. Brief 
exposures fail to cause strong cooling effects, but cause 
strong warming cffecls. Longer exposures produce the 
commonly experienced artificial cooling, while perceived 
warmth is either attenuated or unaffected. 

Because menthol induces changes in the response of 
first-order thermal afferent* in cats, il has been assumed that 
the perceptual effects measured in humans have their origin 
chiefly at the receptor level. If so, early appearance of 
warmth enhancement implies menthol affects warm recep¬ 
tors more quickly than cold receptors, either because warm 
receptors lie closer to the surface of the oral mucosa, or 
because the transduction mechanism of warm receptors is 
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FIG. 8. Same at Fig. 7, but for perceived warmth. (A) The results for 
l-menthol. a replication of the data of Fig. 4; (B) The results for 
d-menthol. 


more immediately vulnerable to the menthol molecule. The 
depths of the receptors in the oral tissue are not known with 
certainly primarily because the identities of warm and cold 
receptors have not been reliably established. However, what 
evidence there is suggests cold receptors, not warm receptors, 
lie nearer the skin's surface. In humans, Bazett, McGlone, 
Williams and Lufkin (I) used careful measurements of skin 
temperature together with reaction time measures to arrive at 
an estimate of receptor depth (in the prepuce) of 0.1 mm for 
cold and 0.3 mm for warn. Hensel, Adres and Daring [8] 
described what they believed to be cold receptors terminating 
in the basal layer of the cat's Ungual epidermis, and older data 
based upon ctectiophysiologica] measurements (also in cats) 
indicate at least some cold receptors reside less than 0.2 mm 
below the lingual surface (7j. 

Whichever explanation of the inter-modal differences fi¬ 
nally proves correct (receptor location or receptor suscep- 
lability), the existence of such differences makes menthol a 
useful tool for the analysis of sensory function. The differing 
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effectiveness of the d and I isomers revealed in Experiment 4 
may be particularly important in this regard. Watson, Hems. 
Rowstll and Spring [I!) analyzed the chemistry of menthol 
and other cooling agents and identified four characteristics 
shared by all of the effective molecules: hydrogen bonding, 
compact hydrocarbon skeleton, a particular hydrophil- 
ic/hydrophobic balance, and a molecular weight between ISO 
and 330. They also reported that detection of a menthol cool¬ 
ing sensation occurred at much lower concentrations of the I 
isomer than of the d isomer (a result in qualitative agreement 
with the suprathreshold data presented here), and concluded 
that when present, stereoisomerism may be an additional 
determinant of the magnitude of the cooling phenomenon. 
The present results are at least suggestive that the same is 
true for the artificial wanning effect. 

Although the experiments of this study demonstrated 
clear and reliable effects of menthol on oral thermal percep¬ 
tion, expression of the effects along intensive and temporal 
dimensions probably depends in part upon the mode of 
menthol exposure. Much remains to be learned about the 
roles of concentration, time course of exposure, the vehicle 
in which menthol is dissolved, and the locus of exposure. 

A close look at the temporal characteristics of the present 
series of experiments testifies to the importance of the pat¬ 
tern of menthol exposure. Even though the duration of pre¬ 
exposure doubled between Experiments 2 and 3, the total 
duration of menthol exposure—pretreatment plus testing— 
increased by only 25 to 33% (from 15-20 min in Experiment 2 
to 20-25 min in Experiment 3). Furthermore, an analysis of 
the responses within a session showed that the mean warmth 
judgments in Experiment 2 decreased slightly between the 
first and third trials at each temperature (8.36 and 7.90), a 
result seemingly inconsistent with the abolition of warmth 
attenuation that occurred following an additional 5-min of 
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exposure in Experiment 3. It appears, therefore, that once 
letting began menthol's influence upon thermal perception 
stabilized, perhaps because each test trial constituted a 
water-only rinse. The alternating sequence of sipping pure 
water (the test stimulus) followed by mentholated water (the 
menthol rinse) may produce an effective steady-state of 
menthol exposure; further induction of the warming and 
cooling effects may require constant menthol exposure with¬ 
out intermittent water rinses. This hypothesis could be 
tested within the present paradigm by obtaining judgments of 
the warmth and cold of mentbol-plus-water solutions follow¬ 
ing menthol pretreatment, essentially a combination of Ex¬ 
periments 1 and 2. However, an alternative paradigm is now 
being used to study the time course of menthol’s effects which 
shifts the site of testing to the vermilion lip and the form of 
stimulation to a thermoelectric module. The new paradigm 
enables more exacting and continuous analyses of the menthol 
phenomena at concentrations higher than those acceptable 
for presentation in the mouth. Analyses at higher concen¬ 
trations and longer durations (which have already confirmed 
the inhibitory effect of menthol on both threshold and supra¬ 
threshold warmth) will be important for determining whether 
menthol eventually becomes, as Hensel and Zotterman (4) 
suggested, a general desensitizing agent that affects mechan- 
oreceptors as well as thermoreceptors. 
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